Spectral Properties of He and Heavy Ions in ^3He-rich Solar Flares by Mason, G. M. et al.
SPECTRAL PROPERTIES OF He AND HEAVY IONS IN 3He-RICH SOLAR FLARES
G.M.Mason,1,2 M. E.Wiedenbeck,3 J. A. Miller,4 J. E. Mazur,5 E. R. Christian,6 C. M. S. Cohen,7
A. C. Cummings,7 J. R. Dwyer,8 R. E. Gold,9 S. M. Krimigis,9 R. A. Leske,7 R. A. Mewaldt,7
P. L. Slocum,3 E. C. Stone,7 and T. T. von Rosenvinge6
Received 2002 January 2; accepted 2002 April 8
ABSTRACT
Using advanced instrumentation on the ACE spacecraft, we have conducted a survey of solar energetic
particle spectra in 3He-rich events over a broad energy range80 keV nucleon1 to 15MeV nucleon1 during
the period 1997 September–2001 March. The spectra of 4He and heavy ions (C, N, O, Ne, Mg, Si, S, Ca, Fe)
were generally similar over this range but often hardened below 1 MeV nucleon1. In most of the events
there was even stronger hardening of the 3He spectrum below 1 MeV nucleon1, leading to an energy-
dependent 3He : 4He ratio. These observations point to unique and distinct properties of 3He in these events
and place new constraints on models that seek to explain enhancements of 3He and heavy ions using the same
mechanisms. In addition to the events with spectra in the form of power laws or double power laws, there is a
second class of event in which the low-energy 3He and Fe spectra are rounded, while the 4He remains a power
law. In these cases 3He and Fe spectra can be ﬁtted at low energies by a stochastic acceleration model, but this
model does not explain the higher energy portions of these spectra, nor the power-law spectral forms of the
4He. These observations appear to require an additional mechanism, such as acceleration by cascading
MHD turbulence. The 3He enrichment pattern that we observe suggests that all these diﬀerent spectral
features might be due to processes with a common origin but then followed by diﬀerent acceleration histories.
Subject headings: acceleration of particles — cosmic rays — interplanetary medium — solar wind —
Sun: abundances — Sun: ﬂares
1. INTRODUCTION
Solar energetic particle (SEP) events with enormous
enhancements of 3He have been observed for over 25 yr and
have been the subject of many experimental and theoretical
investigations since they gave promise of identifying a spe-
ciﬁc physical mechanism capable of causing the uniquely
large enhancements (e.g., reviews by Kocharov &Kocharov
1984; Miller 1998; Reames 1999). Since it was well known
that galactic cosmic rays are also enriched in 3He as a result
of spallation of 4He in interstellar space, this possibility was
initially considered for the 3He-rich solar particle events but
ruled out since other spallation products such as 2H and 3H
were not observed (Garrard, Stone, & Vogt 1973). In addi-
tion to enhancements of 3He : 4He of up to 104, 3He-rich
events show a number of features diﬀering from large SEP
events including enrichment of electrons relative to protons,
enrichment of heavy-ion ratios (e.g., Ne/O, Fe/O) by fac-
tors of up to 5–20, and signiﬁcantly higher heavy-ion ioniza-
tion charge states (Luhn et al. 1985; Mason et al. 1986;
Reames, Meyer, & von Rosenvinge 1994; Mo¨bius et al.
1999). The events are also generally small in size and fail to
exhibit association with coronal shocks or coronal mass
ejections (CMEs) in contrast to the case for large solar par-
ticle events (Kahler et al. 1985). Taking account of these
observational features, models for producing 3He enrich-
ments have generally included mechanisms that make use of
the unique charge-to-mass ratio of 3He (e.g., Fisk 1978;
Varvoglis & Papadopoulos 1983; Temerin & Roth 1992;
Miller, Vin˜as, & Reames 1993).
Although 3He-rich events are often observed during solar
active periods, and literally hundreds have been surveyed in
the literature, the studies have been hampered because the
low intensities make it diﬃcult to accurately study the spec-
tra or composition over a broad enough energy range to dis-
tinguish varying shapes or compositional features. Energy-
dependent features including ﬂattening of spectra below 1
MeV nucleon1 have been observed by several instruments,
but statistical uncertainties and concern about possible con-
tamination from other sources have made progress diﬃcult
(Mo¨bius et al. 1980, 1982; Mazur, Mason, & Klecker 1995;
Reames et al. 1997a).
These observational limitations were systematically
addressed in the design of the Advanced Composition
Explorer (ACE) mission, by including instruments with
extremely large collecting power combined with excellent
isotopic resolution. ACE instruments are able to resolve sig-
niﬁcant enhancements of 3He in large shock-accelerated
solar particle events and in association with interplanetary
shocks as they pass by the spacecraft (Cohen et al. 1999;
Mason, Mazur, & Dwyer 1999b; Wiedenbeck et al. 2000;
Desai et al. 2001). In this work, however, we focus on the
small, impulsive 3He-rich particle events, in order to deter-
mine spectral and abundance features over a very broad
energy range. In a prior report emphasizing events observed
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primarily at low energies, we described two classes of 3He-
rich events: class 1 had power-law or double power-law
spectra that were similar for 3He and other heavy ions; class
2 had curved 3He and Fe spectra distinctly diﬀerent from
other species such as 4He and O (Mason, Dwyer, & Mazur
2000). In the present work, we emphasize impulsive 3He-
rich events that produced signiﬁcant 3He intensities above
5 MeV nucleon1, in order to gain a broader picture of
spectra and composition.
2. OBSERVATIONS
2.1. Instrumentation
The observations reported here were made with instru-
ments on board the ACE spacecraft, which was launched
into an orbit around the sunward Lagrangian point in 1997
August (Stone et al. 1998b). For measurements below a few
MeV nucleon1, we used the Ultra Low Energy Isotope
Spectrometer (ULEIS), a time-of-ﬂight mass spectrometer
with geometry factor of 1 cm2 sr, and a 50 cm ﬂight path
(Mason et al. 1998). Above a few MeV nucleon1, we used
observations from the Solar Isotope Spectrometer (SIS), a
multidetector dE/dx versus residual energy spectrometer
with two telescopes and a geometry factor of 38 cm2 sr
(Stone et al. 1998a). Each of these spectrometers measures
particle trajectory within the telescope in order to achieve a
combination of sensitivity and mass resolution far exceed-
ing most previous instruments.
Figure 1 shows examples of He isotope peaks observed in
small events such as those considered in this study. Panels
(a) and (c) show peaks for 3He : 4He ratios of 10%, which
was a typical selection threshold for previous studies. Panels
(b) and (d ) are examples of extremely large 3He enrich-
ments. For panels (a) and (c) showing smaller enhance-
ments, note that the 3He is easily resolved, with a ratio of
the 3He peak to the valley between 3He and 4He of greater
than 10 : 1; this means that ratios down to 1% can be easily
measured if counting statistics are suﬃcient. Even lower
ratios can be measured by reducing background events
using multiple time-of-ﬂight or dE/dx measurements
(Cohen et al. 1999; Mason et al. 1999b).
2.2. Event Selection
Since the purpose of this work is to examine 3He-rich
event spectra and composition in order to gain insights into
the acceleration mechanism, it is important that the exam-
Fig. 1.—Sample ULEIS and SIS mass resolution showing examples of events with both large and small 3He : 4He ratios. ULEIS mass resolution for
0.75MeV nucleon1 for (a) the 1999May 28 event and (b) the 1999March 21 event. Sample SIS mass resolution near 7.5 MeV nucleon1 for (c) 2000 January
18 and (d ) 2000 September 27.Where available, multiple dE/dxmeasurements have been used to reduce background in the SIS histograms.
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ples selected for study be samples of a single acceleration
event at the Sun and therefore free of contamination from
other particle sources. One such source is multiple 3He
events coming from the same active region, where velocity
dispersion in the event is such that at a given time low-
energy particles from a single event may be present at 1 AU
along with higher energy particles from a later event at the
Sun (Reames et al. 1997b; Mazur et al. 2000). To avoid this
problem, we selected diﬀerent time periods as a function of
particle energy, thus separating multiple events (see discus-
sion in Mason et al. 2000). The other main particle back-
ground source is from other events such as prior large solar
particle events, corotating interaction regions, or interplan-
etary shocks. At low energies especially, these can produce
intensity enhancements for days and will contaminate small
3He-rich event spectra during that time. The contamination
does not aﬀect all species or energies equally: because of the
relative abundances in the 3He-rich events, 4He is the most
susceptible element for contamination, O and Fe are less
susceptible, and 3He is the least susceptible. Lower energy
portions of spectra are usually more susceptible to contami-
nation, but because of the hardening of corotating interac-
tion region spectra late in the event (Mason et al. 1997;
Reames et al. 1997b), contamination may also be important
around1MeV nucleon1 and less so at lower energies.
Event selection began with a survey of the SIS 1 hr aver-
age data 3He intensity levels above 5.2 MeV nucleon1 over
the period 1997 September 1–2001 March 1. There were 37
periods found with signiﬁcant increases, ranging in length
from 14 to 72 hr. Roughly half of these periods showed
sharp rises in 3He intensity (time to maximum less than 3–4
hr), while the rest showed slower rises (time to maximum
greater than 6 hr). Not all event onsets could be cleanly cate-
gorized as a result of low intensity levels. Many of the events
with slower rises appeared to be due to multiple injections,
but we kept only those where a single injection dominated.
The remaining time periods were then examined at low ener-
gies (near 200 keV nucleon1). We selected only those cases
in which there was a clear low-energy injection of 3He or Fe
and low interference from other particle sources. This left 14
events, which are listed in Table 1. Three of these events (4,
8, and 12) were in our earlier study of 12 3He-rich events
emphasizing low energies (Mason et al. 2000).
Column (2) of Table 1 lists the onset day, and column (3)
shows the start time obtained from the particle velocity dis-
persion extrapolated back to the Sun assuming a 1.2 AU
interplanetary ﬁeld line length and no scattering. Columns
(4)–(9) list possible ﬂare associations including ﬂare impor-
tance, ﬂare times, and associated active regions at the Sun
(taken from the NOAA/Space Environment Center daily
notices). Notice also that two of the eight identiﬁed events
have likely origins in the eastern hemisphere, even though it
is generally believed that since these events originate from
compact regions on the Sun they must generally originate in
the western hemisphere if they are to be observed at Earth.
This may be due to uncertainties in the identiﬁcation of the
associated ﬂare, which is common in these events since they
are small (Kahler et al. 1985). It is also possible that connec-
tion to an impulsive event in the eastern hemisphere was
obtained through connection inside a magnetic cloud (e.g.,
Larson et al. 1997; Reames et al. 1997a; Richardson et al.
2000).
Column (10) of Table 1 lists the particle event spectral
class (see below), and columns (11)–(13) list the 3He : 4He
ratio at low and high energy and the Fe/O ratio at low
energy. Column (14) lists the type of rise observed at SIS as
fast (<3–4 hr), slow (>5 hr), or multiple (probably several
events occurred but are not clearly resolved). Eight of these
events had fast rises at SIS energies, three were slow, and
three were multiple. There is residual contamination of 4He
in some of these time periods, but detailed inspection indi-
cates that in the worst case a few 4He data points may have
50% contamination; for cases in which contamination was
larger than this, or in cases at high energies where no signiﬁ-
cant intensity increase was observed, those points were
deleted from the spectra.
Figure 2 shows an example of fast He intensity onsets
from the event of 2000 May 1. The left panel shows inten-
sities at three representative energies, and the right panel
shows an all-ion spectrogram where the arrival time of each
ion is plotted versus 1/(energy nucleon1). On the spectro-
gram, particles arriving along a ﬁeld line of nominal 1.2 AU
length will fall on a line parallel to the sloped lines starting
at each day tick. Notice the very sharp rise starting around
12:00 UT on day 122, with particle arrivals at lower energies
continuing later and later until around 24:00 when magnetic
connection to the site is lost (see discussion in Mazur et al.
2000). There is then a connection to a ﬁlled ﬂux tube just
after the start of day 123, perhaps from the same event.
After this, intensities drop signiﬁcantly. In analyzing an
event such as this one, we computed ﬂuences using diﬀerent
time intervals at diﬀerent energies, selecting only those par-
ticles from the single injection. This removes background
particles from other sources as well as the intensity increase
from the magnetic tube connection near the start of day
123. A more detailed discussion of this technique has been
presented by Mason et al. (2000). The left panel of Figure 2
shows the intensity levels. Notice that at 5.2 MeV nucleon1
the intensities jump almost 4 orders of magnitude in less
than 1 hr; at 546 keV nucleon1 the rise is also very sharp,
while at 73 keV nucleon1 the event is barely visible, so for
this event the ion spectra were not reported below 100 keV
nucleon1. While such fast, nearly scatter-free rises have
been observed many times before with 3He-rich events (e.g.,
Reames, von Rosenvinge, & Lin 1985; Mason et al. 1989),
this event is unusually free of other backgrounds and was
also associated with a narrow CME (Kahler, Reames, &
Sheeley 2001).
Contrast the sharp rise seen in Figure 2 with the slow rise
shown in Figure 3 for the 2000 September 27 event. Here the
high-energy intensities take 7 or 8 hr to reach maximum,
and much longer at lower energies. This is typical of the tim-
ing in so-called gradual solar particle events, and it can be
seen that the event shows clear velocity dispersion expected
from a single injection at the Sun. The 3He : 4He ratio in this
event in fact exceeds that of the scatter-free event of Figure
2 at all energies (see Table 1). Many prior studies of 3He-rich
events have emphasized their nearly scatter-free propaga-
tion (e.g., Zwickl et al. 1978; Mo¨bius et al. 1980; Reames et
al. 1985; Mason et al. 1989). This created something of a
puzzle since the event acceleration is believed to be at the
Sun, and the scatter-free behavior depends on the state of
the interplanetary medium, so there is no identiﬁed physical
link between the two properties. Figure 3 shows that,
indeed, 3He-rich events can have gradual time-intensity pro-
ﬁles. This was probably missed in the earlier work as a result
of the combination of lower sensitivity and resolution of the
instruments as compared with ULEIS and SIS.
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Fig. 3.—1 hr averageHe count rate intensities for the slow rising event of 2000 day 271 (September 27) at three representative energies
Fig. 2.—Left panel: 1 hr average He count rate intensities for the fast rise event of 2000 day 122 (May 1) at three representative energies. Right panel:
Spectrogram of all ions plotted as 1/ion speed vs. time of arrival. Arrows indicate energy of the count rate intensities on the spectrogram.
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2.3. Spectra for Individual Events
We now examine examples of spectral forms of several
events. Figure 4 shows ﬂuence spectra 3He, 4He, 16O, and Fe
for the 1998 September 9 event (number 4 in Table 1). This
event is one of the two events in the survey that produced
signiﬁcant numbers of ions heavier than He in the SIS
energy range (the other is 2000 May 1). The spectral forms
for all the elements are quite similar in this event. Below
1.5 MeV nucleon1 the spectra can be ﬁtted with a power
law in kinetic energy dJ=dE / E, with  in the range
1.15–1.38. About 2 MeV nucleon1 the spectra steepen
signiﬁcantly with  ¼ 3:4 3:9. In order to compare the
shapes of other heavy-element spectra in this event, Figure 5
shows the ratios of major heavy-ion species compared to
oxygen. The ﬁgure shows that within uncertainties the ratios
are basically constant in energy, except for 3He, which
increases by 50% compared to O over the range from 150
keV nucleon1 to 1.5 MeV nucleon1 (see further discussion
below). Following our earlier study emphasizing low ener-
gies, this spectral type is called ‘‘ class 1 ’’ as a result of the
presence of power-law spectra (Mason et al. 2000).
Figure 6 shows another example of a class 1 event wherein
the 4He, O, and Fe are power laws with only a modest roll-
over toward higher energies, but the 3He spectrum is much
harder than the other ions below 1–2 MeV nucleon1. The
3He : 4He ratio in this event increases from 0:028 0:002
at 135 keV nucleon1 to 0:94 0:02 at 5.2 MeV nucleon1.
In contrast to the strong variation of the 3He : 4He at lower
energies, above5MeV nucleon1 this ratio stays relatively
constant for a range of several MeV nucleon1. The ques-
tion arises whether at the highest energies in the ﬁgure the
4He could be dominated by, e.g., anomalous cosmic-ray
4He, causing the observed drop in the 3He : 4He ratio. That
is not the case: even at the highest energies, the 4He hourly
intensities showed a signiﬁcant increase in this event such
that the vast majority of the counts making the highest
energy point are from the solar particle event.
Figure 7a shows the second general type of spectral form
we encountered, wherein the 4He is a double power law
while the 3He and Fe spectra curve over toward lower ener-
gies. The O spectrum shows a low-energy turnover like Fe,
but the more limited energy range makes it diﬃcult to distin-
guish whether it is curved or a double power law. Notice in
particular that the 3He : 4He ratio varies from 0.4 to 3.6,
almost an order of magnitude. Again, following our earlier
study, we classify these spectral types as ‘‘ class 2.’’ Table 1
lists the classiﬁcations for each of the events: of the 14
events, 12 are class 1 and two are class 2. There are several
additional features to note in Figure 7a: based on the lower
energy data one might expect that the 3He : 4He ratio would
continue to fall above3MeV nucleon1 or that the spectra
might continue to drop as an exponential in energy per
nucleon. Neither is observed: the 3He : 4He ratio does con-
tinue to drop, but not a great deal, and the spectra harden
into power laws in energy over the range5–10 MeV nucle-
on1. The rollovers of the 3He and Fe spectra occur at dis-
tinctly diﬀerent energies, suggesting that a kinetic energy
per nucleon spectral formmay not be the proper representa-
tion of these spectra. Figure 7b explores this question by
Fig. 4.—Fluences for the 1998 September 9 event, plotted vs. kinetic energy per nucleon. Filled circles: ULEIS measurements; half-ﬁlled squares:
SISmeasurements.
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plotting the same points as functions of magnetic rigidity
(momentum per unit charge) assuming that the ionization
states are typical of impulsive solar particles observed in
other events with ACE instruments (i.e., fully stripped
except for Fe, which has Q  19; Mo¨bius et al. 2000). Since
the 3He charge-to-mass ratio is much higher than for Fe, the
rollover features seen in Figure 7a will lie closer to each
other when plotted versus magnetic rigidity, as shown in
Figure 7b. However, although the spectral forms are more
similar as functions of rigidity, still an additional factor of 2
adjustment [e.g., spectra depending on (A/Q)2] would be
required to align the Fe and 3He spectra. Even if such a
selection of independent variable could be justiﬁed, we
would still be left with a very large variation of the 3He : 4He
ratio in this event.
Figure 8 shows the 3He : 4He ratios for the three examples
discussed here. Notice that for the class 1 event on 1998 day
252 the ratio is generally consistent with a single value, with
some drop-oﬀ at energies approaching 10 MeV nucleon1.
The second class 1 event (2000 day 271) shows a factor of
30 rise in 3He : 4He, peaking at 5 MeV nucleon1 before
dropping oﬀ again by a factor of 2 toward higher energies.
The class 2 event of 1999 day 80 has a peak in the 3He : 4He
ratio at about 1 MeV nucleon1, with drop-oﬀs of a factor
of 10 toward both higher and lower energies.
2.4. Spectral Properties
We now examine spectral features for the whole group of
14 events. In doing this we use the 4He spectrum as the basis
for comparison since it is measured with greatest accuracy
and over the largest energy range of the elements available
in this study. Because of the general similarity of the 4He
spectrum with those of other heavy ions, the properties seen
when comparing to 4He should generally apply to oxygen,
Fe, etc., although curvature observed in the Fe spectrum
may be an exception in some cases.
Examining the 4He spectra in Figures 4, 6, and 7a, it is evi-
dent that power-law spectra are reasonable ﬁts over limited
portions of the energy range, with a break occurring around
1–2 MeV nucleon1. We therefore characterize the spectra
in terms of the spectral index  with assumed spectra form
dJ=dE / E , where J is the ﬂuence and E is energy per
nucleon. Values of  were ﬁtted using a least-squares techni-
que over the energy ranges 0.1–1.0 and 1.0–10.0 MeV nucle-
on1. In a couple of cases, the location of the ‘‘ break ’’ in
the spectral form and/or particle counting statistics
required that these energy intervals be adjusted slightly
(<20%) to ﬁt the data.
A comparison between the spectral indices of O and 4He
is shown in Figure 9a, with ﬁlled circles showing the range
0.1–1 MeV nucleon1 and open circles showing 1–10
MeV nucleon1. The points are spread around the diagonal
line, conﬁrming the impression from the individual cases
examined above that the O and 4He spectra are similar over
this entire energy range. The steepening of the spectra
between low and higher energies is also clearly seen from the
higher spectral index values for the 1–10 MeV nucleon1
data. For the low-energy range, where spectral indices from
all 14 events are available, the average diﬀerence between
the -values of O and 4He is 0:06 0:26. In the high-energy
range, where nine spectra could be measured, the diﬀerence
Fig. 5.—Ratios of major heavy elements to oxygen for the 1998 September 9 event
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is 0:08 0:44. Based on the similarity of the 4He spectrum
to the O spectrum and the similarity of heavy-nuclei spectra
to the O spectrum as shown in Figure 5, we suggest that the
4He spectra are similar to the heavy-ion spectra in all the
class 1 events.
In order to examine the steepening of power-law spectra
with more accuracy than possible using O, Figure 9b shows
a plot of the 4He spectral index at 1–10 MeV nucleon1 ver-
sus the 4He spectral index at 0.1–1.0 MeV nucleon1. Points
falling on the diagonal line have the same spectral index,
i.e., no break in the spectral form. One of the 14 events did
not have a ﬁtable spectrum at high energies and so is not
shown. For the remaining 13, only one event (number 9,
1999 October 22) fell close to the diagonal line; all the rest
had low-energy spectra signiﬁcantly harder than above
1 MeV nucleon1. It can be seen from the ﬁgure that the 12
events that show a spectral break are fairly uniformly dis-
placed from the diagonal, indicating that the diﬀerence in
slopes between the higher and lower energy spectra falls in a
rather narrow range. For these points, the average diﬀer-
ence between the high- and low-energy -values is
1:28 0:24.
Figure 9c compares the low-energy 3He and 4He spectral
indices for the 12 class 1 events. All but one of the 3He points
lie to the right of the diagonal; i.e., the 3He spectra are usu-
ally harder than the 4He. Figure 9c also shows that many of
the events have 3He spectral indices close to 1: 10 of the 12
events have slopes that lie in the rather narrow range 0.86–
1.28. It is evident from the ﬁgure that in fact the low-energy
spectral indices from 3He and 4He are not well correlated;
indeed, the regression coeﬃcient between the two sets of
points in Figure 9c is 0.34. For 12 points, there is about a
greater than 20% chance of exceeding this correlation coeﬃ-
cient from a random population.
Figure 10 shows all the class 1 3He spectra (except num-
bers 1 and 10, which have large errors) after renormalizing
to a common value at 1.1 MeV nucleon1. Events 2 and 13
have relatively steep spectral slopes below 1 MeV nucle-
on1, but the remaining eight events have spectral indices
clustered around 1.0 below 1 MeV nucleon1 and steepen-
ing to about 2 above that.
The relation between the 3He and 4He spectra at high (>1
MeV nucleon1) energies is quite diﬀerent as shown for the
class 1 events in Figure 11. In this energy range the 3He spec-
tral indices steepen and are scattered around the diagonal
line. Although there is considerable scatter in the points, the
systematic diﬀerence seen at low energies is absent.
The 3He : 4He ratio appears to be related to the spectral
features we observe. The highest 3He : 4He ratios are in the
class 2 events (see also Mason et al. 2000), although the
extreme energy dependence of the ratio in these cases can
result in energy regions where the ratio is not as large. Inter-
estingly, for class 1 events the high-energy 3He : 4He ratio
correlates with the low-energy spectral behavior of 3He and
4He. Thus, for the high-energy data the eight events with
3He spectra distinctly harder than 4He have an average
3He : 4He ratio of 1:80 3:08 (the large dispersion is due to
event 6), while the four events with 3He spectra similar to
Fig. 6.—Fluences for the 2000 September 27 event, plotted vs. kinetic energy per nucleon. Symbols: Same as Fig. 4. Inset:Mass histogram for 3He and 4He
region for 160–220 keV nucleon1.
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4He have a signiﬁcantly lower average 3He : 4He ratio of
0:14 0:08, as shown in Figure 12 (the dividing line chosen
was 3He=4He  0:8).
2.5. Composition
Table 2 lists the average abundances of heavy ions for this
survey, along with atomic parameters including ﬁrst ioniza-
tion potential (FIP). The composition was measured over
the energy interval 250–500 keV nucleon1, with the values
calculated as an unweighted average of the relative abun-
dances in each of the 14 events in Table 1. Figure 13 com-
pares these low-energy composition values with the
impulsive event composition at higher energy from a survey
at 2.5 MeV nucleon1 (Reames 1999). The similarity
between the two sets of data is striking considering the large
diﬀerence in energy and the fact that the surveys used com-
pletely diﬀerent sets of events. This broadens the evidence
that the heavy-ion abundances of 3He-rich SEP events show
a characteristic pattern, as ﬁrst pointed out by Mason et al.
(1986) for a survey near 1.5 MeV nucleon1. The sixth col-
umn of Table 2 has a comparison of 3He-rich SEP abundan-
ces in this survey with average abundances in a survey of
over 50 large, gradual SEP events (Reames 1999). Com-
pared to the large SEP events, elements in the range Ne–S
are enhanced by a factor of 2–3, and Fe is enhanced by a fac-
tor of 10. The observed enhancement pattern is plotted as
a function of both mass and FIP in Figure 14. Since the
gradual SEP abundances used as a reference already contain
an enhancement of low-FIP elements (Reames 1999), the
pattern shown in the ﬁgure is in addition to this baseline
FIP bias. Considering the uncertainties in the data, the
enhancements are reasonably well ordered by mass (and
therefore also by atomic number and charge-to-mass ratio).
Plotting the data versus FIP does not produce as clear an
ordering in the data: for example, Mg and Fe have FIP val-
ues diﬀering by only 0.2 eV, and yet Fe is consistently
enhanced much more than Mg in these events. Similarly,
Mg and Ne show similar enhancements even though their
FIP values diﬀer by about 14 eV. Thus, the well-known
enhancements of SEPs and slow solar wind by FIP when
compared to photospheric abundances (Breneman & Stone
1985; von Steiger & Geiss 1989; Reames 1995; von Steiger,
Geiss, & Gloeckler 1997) do not order the enrichment pat-
tern observed in 3He-rich events compared to slow solar
V)
Fig. 7.—Fluences for the 1999March 21 event. Symbols: Same as Fig. 4.
(a) Fluence vs. MeV nucleon1; (b) Fluence vs. rigidity.
TABLE 2
3He-rich Solar Flare Abundances
Element Mass AtomicNumber FIP
Abundance
(375 keV nucleon1) Relative to Gradual SEPsa
He........... 4 2 24.46 57.15 7.79 1.00 0.15
C............. 12 6 11.22 0.35 0.08 0.75 0.16
N ............ 14 7 14.48 0.22 0.06 1.79 0.46
O............. 16 8 13.55 1.00 0.14 1.00 0.15
Ne........... 20 10 21.47 0.34 0.06 2.22 0.39
Mg .......... 24 12 7.61 0.41 0.07 2.07 0.36
Si ............ 28 14 8.12 0.43 0.06 2.83 0.41
S ............. 32 16 10.30 0.19 0.04 5.89 1.16
Ca ........... 40 20 6.09 0.21 0.09 19.53 8.22
Fe ........... 56 26 7.83 1.21 0.14 9.04 1.08
a Reames 1999.
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wind or large SEP events. The heavy-ion abundances are
independent of the event class spectral features.
2.6. Summary of Observations
Our main observational results for the 14 events in this
study may be summarized as follows (points 1–3 are sum-
marized also in Table 3):
1. A total of 12 of the 14 events showed energy spectra of
3He, 4He, O, and Fe that are power laws or double power
laws in energy per nucleon (class 1 events). Where there
are double power laws, the energy spectrum becomes harder
below 1MeV nucleon1. At lower energies the spectral indi-
ces  were notably harder, with D ¼ 1:28 0:24.
For these 12 class 1 events, the following applies:
a) Above 1 MeV nucleon1 the spectra were roughly
similar, and above 1 MeV nucleon1 the 3He and 4He
spectra showed no systematic diﬀerences, with D ¼
0:15 0:51, although there was considerable
scatter; and
b) Below1MeV nucleon1
i) eight events had 3He spectral indices  distinctly harder
than other species; in many cases the 3He spectral index 
was close to 1 and independent of the 4He spectral index; the
3He : 4He ratio peaks in these events at energies from1 to a
fewMeV nucleon1, falling oﬀ at lower and higher energies;
and
ii) the remaining four events had 3He spectral indices
close to that for other species; these events had signiﬁcantly
lower 3He : 4He ratios than the eight events with harder low-
energy 3He spectra.
2. Two of the 14 events had curved 3He and Fe spectra
that ﬂattened notably at low energies (class 2 events),
while the 4He spectrum was a power law or double power
law. The 3He : 4He ratio peaks in these events near 1 MeV
nucleon1, falling oﬀ at lower and higher energies.
3. For both class 1 and class 2 events, 4He and the heavy-
ion spectra could be reasonably ﬁtted by separate power
laws in the ranges 0.1–1.0 and 1.0–10.0MeV nucleon1.
4. At 375 keV nucleon1 heavy-ion abundances were
enhanced relative to gradual SEP events by a factor of 2
for Ne–Si and by a factor of 10 for Fe (normalized to O).
There was no signiﬁcant diﬀerence in heavy-ion enhance-
ments between class 1 and class 2 events. The enhancements
were similar to those seen in prior surveys at much higher
energy and were reasonably ordered by mass or atomic
number. The enhancements relative to gradual SEP events
were not ordered by the FIP of the elements.
5. Time-intensity proﬁles for most of the events were
‘‘ impulsive,’’ indicating nearly scatter-free propagation,
although at least one had a time-intensity proﬁle that was
similar to that for a large, CME-related event.
3. DISCUSSION
3.1. Comparison with PreviousMeasurements
Because 3He-rich SEP events generally have low inten-
sities, spectral measurements have been reported for only a
Fig. 8.—Energy dependence of the 3He : 4He ratio for the events shown in Figs. 4, 6, and 7
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small fraction of the observed events. The literature has con-
tained occasional reports of 3He-rich events that were also
large SEP events, and indeed many of the reported spectral
forms have been from such events because their intensities
were high enough to allow a spectral measurement. A listing
of large SEP events reported in the literature as also rich in
3He is given in Table 4. The studies that reported spectral
indices all had power laws for 3He and 4He that were similar.
As an example, the three events in the study by Serlemitsos
& Balasubrahmanyan (1975) all had 3He and 4He spectral
indices that diﬀered by less than 5%.
It can be seen from the table that the newer instruments
on the ACE spacecraft have had the resolution to detect
enrichments of 3He that, although large, were still too small
to have been observed by prior instruments. The study by
Mason et al. (1999a) showed that the time-intensity proﬁles
of 3He and 4He were similar in some large SEP events,
thereby giving evidence that in these cases the 3He accelera-
tion and transport history was similar to that of the 4He and
other heavy ions. These authors concluded that remnant
3He from small, impulsive solar particle events was being
reaccelerated by CME-driven shocks in large SEP events
whenever the shock moved through regions where impulsive
ﬂare suprathermals from prior events were still lingering.
This mechanism for 3He enhancements in large SEP events
appears to be distinctly diﬀerent than that operating in
impulsive events, and so in comparing the present study
with prior work, we set aside the cases of large 3He-rich SEP
events.
The two studies by Mo¨bius et al. (1980, 1982) over the
energy range 0.4–4 MeV nucleon1 examined seven impul-
sive SEP events and found that the 3He : 4He ratio increased
from 0.4 to2–6MeV nucleon1; in some cases it was possi-
ble to extend the measurements to10MeV nucleon1, and
in these cases the ratio showed a drop. In all cases the He
spectra continued to rise down to the 0.4 MeV nucleon1
instrument threshold. The Mo¨bius et al. study also exam-
ined O and Fe spectra. The overall trend in the spectra was
that the 3He was generally harder than 4He (leading to the
decrease at low energies) and the O spectrum was harder
than the Fe spectrum. Why is it that the Mo¨bius et al. study
apparently did not ﬁnd any events with 3He spectra the same
as other species as we have seen for some cases here? Prob-
ably this was due to the generally low 3He : 4He ratios in this
type of event (see Table 1, events 2, 4, 11, and 12). As a result
of the limited mass resolution of the instrument used by
Mo¨bius et al., these events probably would have been
missed. Instrumental diﬀerences can also help explain why
the Mo¨bius et al. survey did not ﬁnd any class 2 events: the
key spectral features of these events lie at energies below the
400 keV nucleon1 threshold of their instrument.
Another early survey reported that events with steep 3He
spectra tended to have larger 3He : 4He ratios (Reames &
von Rosenvinge 1983). As an example of an event with steep
spectra and high 3He : 4He ratio, the 1979 May 17 event had
3He : 4He  12 with a power-law spectral index for 3He of
2:7 0:3 over the range 1.3–6 MeV nucleon1 (Reames et
al. 1985).
New instruments on the SAMPEX and Wind spacecraft
extended the prior studies to both lower and higher energies.
Reames et al. (1997a) examined ﬁve impulsive SEP events in
early 1995 and found that the 3He spectra were ‘‘ rounded ’’
toward low energies, although in all their cases the spectra
continued to rise down to the instrument 3He threshold of
0.1 MeV nucleon1. Mazur et al. (1995) examined 11
impulsive SEP events and found that over the range 0.5–9.0
MeV nucleon1 most of the Fe spectral shapes could be well
ﬁtted by power laws but in two cases the Ne–S and Fe spec-
 
 
 
            
    
 
            
    
Fig. 9.—(a) Spectral index of oxygen vs. 4He for 0.1–1.0 MeV nucleon1
( ﬁlled circles) and 1–10 MeV nucleon1 (half-ﬁlled squares). (b) Spectral
index of 1–10 MeV nucleon1 vs. 0.1–1.0 MeV nucleon1 4He. (c) Spectral
index of 3He vs. 4He for 0.1–1.0MeV nucleon1.
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tra rolled over toward low energies even though the O and
He spectra in these events could be ﬁtted by power laws.
This behavior can be clearly seen in the two class 2 events in
this study (e.g., Fig. 7a; see also Figs. 3 and 4 inMason et al.
2000) where the 3He and Fe spectra show a distinct curva-
ture while 4He and O can be reasonably ﬁtted by power
laws.
In our initial survey of 3He-rich event spectra at ener-
gies below 1 MeV nucleon1 using ACE instruments
(Mason et al. 2000), class 1 and class 2 events were iden-
Fig. 10.—Spectra of 3He of events 2–9 and 11–14 in Table 1, normalized to a ﬂuence of 104 at 1.1MeV nucleon1
Fig. 11.—Spectral index of 3He vs. 4He for 1.0–10MeV nucleon1
    
Fig. 12.—3He : 4He abundance ratio at 5.15 MeV nucleon1 vs. ratio of
low-energy spectral indices of 3He and 4He, showing that events with 3He
spectra harder than 4He also tend to have high 3He : 4He ratios.
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tiﬁed. However, the frequency of occurrence of various
types of events diﬀers between this and the earlier study
as can be seen from Table 5. The ﬁrst column lists the
spectral types, and the subsequent columns list the num-
ber of events of this type for the low-energy study
(Mason et al. 2000), the present work, and the combined
statistics for the two studies (note that three events, num-
bers 4, 8, and 12 in Table 1, were in both surveys). For
the class 1 events, in the present study there were many
more cases of low-energy 3He spectra being harder than
the 4He spectra. While at ﬁrst glance this would not
appear to aﬀect our event selection, we have seen that
the events with harder low-energy 3He spectra had larger
3He : 4He ratios at all energies and so indeed introduce a
bias due to our requirement that SIS observe signiﬁcant
3He. Finally, the earlier study had many more class 2
events than the current one; this is undoubtedly due to
our selection criteria: in the present study we required
signiﬁcant 3He in the energy range of the SIS instrument,
and for the curved class 2 spectra, the intensities fall oﬀ
so steeply as to make it much less likely that there will be
an observed increase at high energies, thus biasing
against class 2 events. As a result of the biases introduced
in the present survey by the requirement that SIS observe
signiﬁcant 3He, the relative frequency of event occurrence
is better represented by the earlier survey (the second col-
umn in Table 5).
3.2. The Role of Interplanetary Propagation
Interplanetary propagation must be considered in discus-
sing our spectra because these forms can be modiﬁed in
transit from the Sun to 1 AU. An extrapolation back to the
Sun predicts enormous eﬀects in terms of pitch-angle focus-
ing and adiabatic deceleration (Ng &Wong 1979; Mason et
al. 1989). Mazur et al. (1992) discussed this issue regarding
somewhat higher energy data in large SEP events. For
example, they estimated energy changes by adiabatic decel-
eration by about 50% at 1 MeV nucleon1 and by less than
10% at 70 MeV nucleon1. In the present study the eﬀects
are potentially much larger at our lower energies, as a result
of the increased transit time from the Sun.
However, the spectral forms that we observe indicate that
interplanetary propagation is not dominating the shape,
since we often see diﬀerent spectral shapes in these events,
especially in class 2 events. If propagation dominated, the
spectral shapes would be expected to be more nearly similar.
The question arises whether the class 1 events with similar
spectral shapes are in fact dominated by propagation eﬀects.
While we cannot rule out this possibility, we note that the
event with the cleanest, most nearly scatter-free propagation
in the entire survey, namely, the 2000May 1 event, had spec-
tra of similar shapes for all elements. If any event in the sur-
vey would be expected to be free of propagation eﬀects, that
would be the one, and yet its spectral forms are not at all
50
Fig. 13.—Filled circles: Average composition of 3He-rich events at 375 keV nucleon1 normalized to O  1; half-ﬁlled squares: average composition of
impulsive 3He-rich events at2.5MeV nucleon1 fromReames (1999).
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unusual. While a deﬁnitive resolution to these issues will
require future observations in the inner solar system, we
believe that the eﬀects of propagation on these events are
not large and that direct comparison with acceleration
models, as done below, is meaningful.
3.3. Class 1 Event AccelerationMechanisms
The rich variation in spectral properties of these events, in
addition to their unique composition signatures, indicates
that multiple mechanisms may be at work in the particle
acceleration. While impulsive SEP events have previously
been found to lack statistical association with coronal
shocks and CMEs (Kahler et al. 1985), recent high-sensitiv-
ity measurements on SOHO have revealed at least one
impulsive event (number 12 in Table 1) that was associated
with a narrow CME (Kahler et al. 2001). However, the
speed of this CME (960 km s1) may not have been suﬃcient
to create a shock, and so the CME may be only a signature
of coronal ejecta associated with an impulsive event and not
the cause of the particle acceleration (Kahler et al. 2001).
The power-law spectra in the class 1 events show features
of diﬀusive shock acceleration, including power-law shape,
and changes of spectral slope. The ﬁrst resonant heating
model for 3He-rich ﬂares proposed selective heating by elec-
trostatic ion cyclotron waves followed by an unspeciﬁed sec-
ond-stage mechanism (Fisk 1978). This second-stage
mechanism could in principle produce power-law spectra
for all ions. In a recent modiﬁcation of the Fisk theory,
Zhang (1995) proposed a two-stage model for 3He and
heavy-ion enrichment due to current-driven electrostatic
ion cyclotron instabilities that selectively preheat the ions
and are then followed by acceleration to high energies by a
Fermi process. Other recent models (Temerin & Roth 1992;
Steinacker et al. 1997) have focused primarily on composi-
tional signatures and would need to be reexamined to test
predictions of spectral form.
Since shock acceleration models typically produce power-
law spectra, they can clearly be constructed to model the
class 1 spectra, provided there is an additional mechanism
to explain the unique composition and charge state features
of these events. However, it must be kept in mind that even
in the case of the single impulsive particle event clearly asso-
ciated with a CME, there was no detection of a shock,
although the observations cannot rule out that possibility.
The question remains regarding the two variants of class 1
events, namely, those with 3He spectra similar to other spe-
cies and those with 3He spectra distinctly harder than other
species in the range below 1 MeV nucleon1, leading to a
decrease of the 3He : 4He ratio with decreasing energy. It
may be signiﬁcant that in a plasma of temperature2 106
K the Coulomb losses reach their peak around 1 MeV
nucleon1 (Mullan 1980; Mo¨bius et al. 1982), which is simi-
lar to the energy at which we observe a change in behavior
of the spectra. Such decreases have been previously modeled
using ionization energy loss as the mechanism, since the
higher energy loss rate of 3He compared to 4He can lead to a
decrease of this ratio at low energies (Kocharov &
Kocharov 1984). These calculations can lead to a decrease
in the 3He : 4He ratio below a fewMeV nucleon1, with con-
stant value at higher energies, which is typical of the spectra
we observe. In addition, since the heavy-ion spectra all have
a similar behavior below 1MeV nucleon1, while in contrast
the Coulomb energy loss rates for diﬀerent species are quite
diﬀerent, it is not clear how Coulomb losses alone could
explain the observed spectral feature (see also Korchak
1980). Models that involve both Coulomb losses and sto-
chastic acceleration timescales have been explored by
Mo¨bius et al. (1982) and Ostryakov, Karatavykh, &
Koval’tsov (2000). These models can produce quite complex
spectral features and would require careful examination to
see if they can provide reasonable ﬁts to the observations
presented here.
Another possibility mentioned in prior work (e.g.,
Reames 1993) and recently discussed by Mason et al. (2000)
is that ‘‘ all ’’ the ambient 3He is heated above some assumed
injection threshold and this provides an upper limit on the
3He : 4He ratio. Clearly, if this were occurring, it could also
aﬀect the spectral form of 3He diﬀerently from other species.
If this is the case, it may be signiﬁcant that the events with
the diﬀerent 3He spectral slope at low energies almost invari-
ably have larger 3He : 4He ratios at high energies than those
Fig. 14.—Enhancement of 3He-rich events at 375 keV nucleon1
(normalized to O  1) relative to survey of large, gradual SEP events from
Reames (1999) plotted vs. (a) mass and (b) FIP.
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events that have 3He spectra similar to the other ions. Thus,
events where all the 3He has been heated above the injection
threshold will have higher 3He : 4He ratios at high energies
and will also be relatively deﬁcient in 3He at low energies
since the reservoir of low-energy particles was depleted by
the heating. In other cases if not all the 3He were preferen-
tially heated, then 3He and other ions all could have the
same shape above the injection threshold, and one would
then get similar spectral forms at all energies after the ﬁnal
acceleration. These cases with similar 3He and other spectra
at all energies would result in lower overall 3He enhance-
ments since the preheating did not aﬀect all the 3He.
3.4. Class 2 Events: Stochastic AccelerationMechanisms
The class 2 events in this paper and the additional class 2
events discussed in Mason et al. (2000) have 3He and Fe
spectral shapes that are rounded at low energies. It is well
known that this spectral form can arise from stochastic
acceleration processes by Alfve´n turbulence (e.g., review by
Ramaty & Murphy 1987). Mo¨bius et al. (1982) developed a
stochastic model for 3He-rich events. Mazur et al. (1992)
modiﬁed the approach of Mo¨bius et al. (1982) in a steady
state model with energy and spatial diﬀusion coeﬃcients of
the same form as those of Mo¨bius et al. (1982) but without
explicit linkage to the magnetic ﬁeld ﬂuctuations that pro-
vide the scattering. Cast in this manner, Mazur et al. (1992)
could include rigidity-dependent diﬀusion coeﬃcients.
Following the notation ofMazur et al. (1992), the particle
number density satisﬁes a diﬀusion equation with energy
and spatial diﬀusion coeﬃcients of
DðT ;Q;AÞ ¼ Do Q
A
 a
Tb ð1Þ
and
ðT ;Q;AÞ ¼ o Q
A
 a
T2b ; ð2Þ
where T is energy per nucleon, Q is the charge state, A is the
atomic mass, Do is the energy diﬀusion coeﬃcient, and o is
the spatial diﬀusion coeﬃcient. Both Do and o are inde-
pendent of time, particle energy, mass, and charge. The con-
stants a and b are determined by ﬁts to the spectra, and here
we will use these forms to explore possible charge-to-mass
dependence in the model. Mazur et al. (1992) show that the
time-integrated diﬀerential ﬂux resulting from this formula-
tion is
jðTÞ ¼ NoTþ1=2KðTÞ ; ð3Þ
where No is the spectral normalization, K is the modiﬁed
Bessel function of order , and the other parameters are
deﬁned in terms of the constants a and b by
 ¼ 3 2b
4
; ð4aÞ
 ¼ 2 b ; ð4bÞ
 ¼ 2b 1
4ð2 bÞ ; ð4cÞ
TABLE 4
3He-rich Large Solar Particle Events
Date
Energy Range
(MeV nucleon1)
3He : 4He Ratio
(Typical) Reference
1969May 28–29
(three events) ........
4–80 1.52 0.1 1
0.71 0.06
0.35 0.03
1969 Oct 14 .............. 4–22.1 0.30 0.06 2, 3
1970 Jul 30 ............... 10.5–22.1 0.54 0.09 3
1980 Jun 21 .............. 6–60 0:085þ0:0370:026 4
1991Mar 23–25
(three events)a.......
50–100 0.043 1.0 5
0.050 1.1
0.063 0.6
1997Nov 2–6 ........... 0.5–2.0 (1.9 0.5) 103 6
8–14 8 103 7
1997Nov 6–10 ......... 0.5–2.0 (2.1 0.8) 103 6
8–14 7 103 7
1998May 2–4........... 0.5–2.0 0.013 0.002 8
1998May 6–8........... 0.5–2.0 (3.5 0.7) 103 6
8–14 0.04 7
1998Nov 14–18 ....... 8–14 5 103 7
1999 Jan 21–27......... 0.5–2.0 (6.4 1.3) 103 8
1999May 4–8........... (2.2 0.7) 103
1999 Jun 2–3 ............ 0.055 0.011
1999 Jun 4–7 ............ (2.7 0.6) 103
a 13 events reported in 1991 with 3He : 4He > 0:5%; the three listed are
those with the largest enhancements.
References.—(1) Serlemitsos & Balasubrahmanyan 1975. (2) Garrard
et al. 1973. (3) Anglin 1975. (4) van Hollebeke, McDonald, &Meyer 1990.
(5) Chen, Guzik, & Wefel 1995. (6) Mason et al. 1999a. (7) Cohen et al.
1999. (8)Mason et al. 1999b.
TABLE 5
Spectral Types in 3He-rich Solar Particle Events
Number of Cases
Spectral Signature Surveya below FewMeV nucleon1 ThisWork Combinedb
Class 1—power-law spectra:
3He spectral index similar to 4He .......................................................... 5 4 6
3He spectral index harder than 4He below1MeV nucleon1 .............. 2 8 10
Class 2—curved 3He spectra..................................................................... 5 2 7
Total in survey...................................................................................... 12 14 23
a Mason et al. 2000.
b Three events listed in the second and third columns are in common, hence the combined number is not equal to the sum of the two columns.
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and
 ¼ 1
2 b
1
L
A
Q
 a ﬃﬃﬃﬃﬃﬃo
Do
r
: ð4dÞ
In equation (4d) L is the length scale of the acceleration
region. The spectral form in equation (3) can be compared
directly to our event-averaged spectra. In ﬁtting the energy
spectra we determine values of  (eq. [4d]) and b (eqs. [1]
and [2]):  gives the A/Q dependence of the diﬀusion
coeﬃcients, while b determines the energy dependence of
the diﬀusion coeﬃcients.
In a study of large SEP events Mazur et al. (1992) found
that b showed little dependence on species and in nine events
varied over the range 1:56 0:02 to 1:86 02. The parame-
ter  varied from one event to the next and also varied
among species in individual events, as a result of the gener-
ally faster falloﬀ of heavier elements with increasing energy.
The values of  for Fe ranged from 5:24 0:11 to
16:08 0:18 and were always greater than those for H and
He, by amounts up to a factor of2. While the acceleration
in these large events is believed to be due to diﬀerent proc-
esses than in impulsive SEP events, these values of b and 
nonetheless give an idea of typical ﬁtting results for large
SEP events.
Figure 15 shows a sample ﬁt to the 1999 August 7 class 2
event (number 8). The ﬁts are quite reasonable for the lower
energy portion of the spectra, but in both cases the observed
spectra show a high-energy tail that is not ﬁtted by
the model. The best-ﬁt parameters are b ¼ 1:01 0:04,
 ¼ 1:67 0:08 for 3He and b ¼ 1:16 0:07,
 ¼ 4:91 0:54 for Fe. Compared to large particle event
ﬁts, the small values of b in both cases correspond to rela-
tively faster diﬀusion out of the acceleration site along with
slower energy diﬀusion, both combining to result in spectral
falloﬀs at relatively low energies. The two  parameters can
be used to derive the dependence of the diﬀusion coeﬃcients
on A/Q. Assuming that the 3He are fully stripped and that
the Fe charge state is +20, the derived value for a ¼ 2:0, so
the energy diﬀusion, is proportional to (Q/A)2.0. This leads
to the markedly smaller energization of Fe compared to
3He. Although the ﬁts to the low-energy portions of the 3He
spectrum are reasonable, this model does not explain the
high-energy tail in either case. Neither does this model
explain the power-law shape for 4He: if we were to estimate
the 4He spectral shape based on the 3He and Fe, we would
ﬁnd a curved spectrum whose shape lay between 3He and
Fe; however, this is not what is observed.
3.5. Class 2 Events: CascadingMHDTurbulence
AccelerationMechanism
The problem of ﬁtting the remaining heavy-ion species
may require a separate mechanism, which is also suggested
by the diﬀerences in spectral shape. Miller (1998) has pro-
posed such a mechanism that involves cascading MHD tur-
bulence. The cascading turbulence model has been shown
previously (e.g., Miller & Roberts 1995; Miller, LaRosa, &
Moore 1996; Miller 2000) to account for all the bulk fea-
tures (such as acceleration timescales, ﬂuxes, total number
of energetic particles, and maximum energy) of electron and
proton acceleration in impulsive solar ﬂares. While the
Fig. 15.—3He (red ) and Fe (green) spectra from event 8 compared with calculated spectra for a stochastic accelerationmodel
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simulation of this acceleration process is rather involved,
the essential idea of the model is quite simple and consists of
just a few parts:
1. During the primary ﬂare energy release phase, we
assume that low-amplitude MHD Alfve´n and fast-mode
waves are excited at long wavelengths, say, comparable to
the size of the region producing the event (although the
results are actually insensitive to this initial wavelength).
While an assumption, this appears reasonable in light of the
likely highly turbulent nature of the ﬂare.
2. These waves then cascade in a Kolmogorov-like fash-
ion to smaller wavelengths (e.g., Verma et al. 1996), forming
a power-law spectral density in wavenumber space through
the inertial range.
3. When the mean wavenumber of the fast-mode waves
has increased suﬃciently, the transit-time acceleration rate
(Miller 1997) for super-Alfve´nic electrons can overcome
Coulomb energy losses, and these electrons are accelerated
out of the thermal distribution and to relativistic energies
(Miller et al. 1996). As the Alfve´n waves cascade to higher
wavenumbers, they can cyclotron resonate with progres-
sively lower energy protons. Eventually, they will resonate
with protons in the tail of the thermal distribution, which
will then be accelerated to relativistic energies as well (Miller
& Roberts 1995). Hence, both ions and electrons are sto-
chastically accelerated, albeit by diﬀerent mechanisms and
diﬀerent waves.
4. When the protons become super-Alfve´nic (above 1
MeV nucleon1), they too can suﬀer transit-time accelera-
tion by the fast-mode waves and will receive an extra accel-
eration ‘‘ kick.’’
We envisage this acceleration process as occurring in the
coronal portion of the ﬂare loop, which is modeled by an
ionized homogeneous plasma extending a distance L along
a constant magnetic ﬁeldB. An important aspect of stochas-
tic acceleration in general is that it is not directed, as with
DC electric ﬁelds. This allows cospatial return currents to
form, which draw particles up from the denser and cooler
chromosphere, ensure charge neutrality, and provide the
replenishment for the acceleration region that is necessary
to sustain the large ﬂuxes observed in some ﬂares. We model
this acceleration process with a self-consistent quasi-linear
simulation, in which stochastic particle acceleration, par-
ticle escape from the acceleration region, Coulomb colli-
sions, wave cascading, wave damping by the particles, and
acceleration region replenishment are all taken into
account. We ﬁnd that this model will account for all the
major features of the energetic particles from even the larg-
est impulsive solar ﬂares. This is true for a broad range of
plasma density and magnetic ﬁeld values, provided that suf-
ﬁcient power is input into both Alfve´n and fast-mode waves
(>400 ergs cm3 s1) and that the acceleration region is suf-
ﬁciently small (up to several times 108 cm).
However, perhaps the strongest point in favor of this cas-
cading turbulence model is its ability to account for the
acceleration of heavier (with the exception of 3He) ions as
well. As was pointed out by Reames et al. (1994), at a tem-
perature of around 3 106 K, there is a threefold separation
of gyrofrequencies among the heavy ions. Speciﬁcally, the
charge-to-mass Q/A ratio of Fe is around 0.23; that of Ne,
Mg, and Si is about 0.4; and that of 4He, C, N, and O is 0.5.
Indeed, such a separation appears to be a necessary precon-
dition for selective enhancements in the energetic particles,
regardless of the actual acceleration mechanism. It also
allows speciﬁcally the framework of the cascading turbu-
lence model to naturally yield the observed enhancements.
Qualitatively, in a multi-ion ﬂare plasma, the Alfve´n waves,
which cascade from low to high frequencies, will encounter
Fe ﬁrst. Iron will be strongly accelerated but is not abun-
dant enough to damp the waves. Thus, some wave energy
will cascade to higher frequencies where it encounters Ne,
Mg, and Si next. In the same way, these ions suﬀer strong
(but not as strong as that for Fe) acceleration, but the wave
dissipation is not complete. Some wave energy then cas-
cades to reach 4He, C, N, and O, which are then also sto-
chastically accelerated out of the background plasma but
resonate with waves that have been somewhat dissipated as
a result of the ions at lowerQ/A. Thus, Fe will resonate with
the most powerful waves; Ne, Mg, and Si will resonate with
waves having less power; and the other heavies will resonate
with even less powerful waves. Hence, Fe should be
enhanced more than the Ne group relative to the He group.
Since 4He, C, N, and O all have the same cyclotron fre-
quency and behave similarly, they should not be enhanced
relative to each other.
The quasi-linear simulation has been extended to include
the heavy-ion species as well, and the numerical results sup-
port the above scenario. As an example, we take B ¼ 500 G,
the Alfve´n speed vA ¼ 0:036c, the temperature of the plasma
to be initially 3 106 K, and the H density to be 1010 cm3,
which remains constant as a result of the return current. The
waves are injected at a wavelength of 107 cm; however, as
discussed in Miller & Roberts (1995), the nature of the par-
ticle acceleration is independent of this speciﬁc wavelength.
We do not regard these parameters as free, since changes in
their values can be compensated for by changes in the total
wave energy density injection rate P and the length scale of
the acceleration region L such that the results do not change
appreciably. Hence, this simulation has only two free param-
eters, P and L. For P  40 ergs cm3 s1 and L  108 cm,
the enhancements in the Fe/O ratio in the energetic particles
(>1 MeV nucleon1) are about 10–13, while the Ne/O,
Mg/O, and Si/O ratios are enhanced by about 3–6; 4He, C,
N, and O are not enhanced relative to each other. These
integrated enhancements are fairly typical of those observed
for impulsive or 3He-rich ﬂares.
We do not take into account charge exchange reactions
or any other process that aﬀects the ion charge states in the
simulation, and so the Fe charge of +13 (which corresponds
to an initial plasma temperature of 3 MK) remains, ﬁxed, as
do the charge states of the other ions. In order to reconcile
this charge state with that typically observed for impulsive
events (around +20), there must be additional stripping that
occurs during or after the ion acceleration. Speciﬁcally, it
must occur after the time it takes the waves to cascade
through Fe, Ne, Mg, and Si and accelerate these heaviest
ions out of the thermal distribution and to moderately
suprathermal energies. This, in turn, happens in less than a
second after the waves are produced at low wavenumbers.
At the end of this time, the enhancements are more or less
‘‘ frozen in,’’ and a change in the charge states should not
greatly aﬀect the abundances in the energetic particles.
Hence, a stripping timescale greater than about a second
should not qualitatively aﬀect our results. We do not
address the issue of what causes this additional stripping,
but one possibility is given in Miller & Vin˜as (1993), where
it was pointed out that an electron beam (which is ultimately
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responsible for the 3He enhancements) would also lead to
further ionization of Fe to a charge state of about +20 on a
timescale of a few seconds.
In Figure 16 we show a comparison between the theoreti-
cal ﬂuxes of He, O, Ne, and Fe and those observed with
ULEIS and SIS for the 1999 August 7 class 2 ﬂare. The
model distributions were obtained with P ¼ 191 ergs cm3
s1 and L ¼ 108 cm. The spectral forms of the theoretical
ﬂuxes, along with their relative normalizations, are deter-
mined by the simulation; the absolute normalization is arbi-
trary (since it is proportional to the duration of the
acceleration process) and is varied so as to obtain the best ﬁt
to the observed spectra. The results for all four species are
very encouraging (considering that this is just a two-param-
eter ﬁt), but particularly so for Fe, Ne, and O. The low-
energy rollover of Fe is reproduced well. This rollover
results from the wholesale convection of the background Fe
ions to higher energies when the waves cascade through the
distribution. In fact, this rollover is apparent in all the spec-
tra but moves to slightly lower energies as Q/A for the ions
increases. This, in turn, results from the ions resonating with
lower amplitude waves and not being able to be accelerated
to as high an energy before escaping from the region.
The ﬁt is not as good at high energies, where the model
spectra are much harder than those observed. This spectral
hardness is the result of the ions resonating with the fast-
mode waves above a fewMeV nucleon1, and thus receiving
basically a ‘‘ double dose ’’ of acceleration in this regime.
This is in contrast to the stochastic acceleration spectra in
Figure 15, which fall well below the observations at higher
energies. Further reﬁnement of the cascading MHD turbu-
lence model may improve the high-energy ﬁt, but even as it
stands it gives the prospect of reconciling the curved low-
energy spectra with the higher energy power law seen in
several events.
4. SUMMARY AND CONCLUSIONS
Our survey of 3He-rich solar particle event spectra using
instruments with higher sensitivity and resolution than pre-
vious work has established two classes of events. Class 1
exhibits power laws that often steepen above1MeV nucle-
on1; in some cases the major species 3He, 4He, O, and Fe
have similar spectral slopes, while in others the 3He spectral
slope is distinctly harder than the others in the range below
1 MeV nucleon1. Class 2 events show curved 3He and Fe
spectra, while 4He has power-law spectra; the largest
3He : 4He ratios are found in class 2 events. Models of selec-
tive preheating of 3He followed by a second-stage accelera-
tion may be suﬃcient to ﬁt the class 1 spectra, although the
additional hardening of the 3He requires explanation in this
case. The class 2 event 3He and Fe low-energy spectra,
which roll over toward low energy, can be ﬁtted by a
stochastic acceleration model, but this leaves open the
mechanism that explains the 4He and O spectra in these
same events, which are more like power laws. Models based
on cascading MHD turbulence give promising ﬁts to the
class 2 heavy-ion spectra; these models require a further
mechanism to provide the large enhancements of 3He.
It may be that the class 2 events give us our closest look
into the basic 3He enrichment mechanism and that the class
1 events represent further stages of acceleration that modify
the spectra. This is suggested by the pattern wherein the
largest 3He enrichments are in the class 2 events, followed
by the class 1 with harder 3He spectra at low energy, fol-
lowed at the end by the events with similar power laws for
all species.
In that sense, there may be a further step in this series,
namely, the large, shock-associated SEP events that also
show signiﬁcant 3He enrichments that are smaller than
those in the present survey. The large 3He-rich SEP events
in eﬀect represent the ﬁnal processing of 3He-enriched mate-
rial by interplanetary shocks, while the class 1 and class 2
events studied here are probing processes in coronal loops
or elsewhere close to the ﬂare site itself.
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California Institute of Technology, Jet Propulsion Labora-
tory, and Goddard Space Flight Center responsible for the
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the University ofMaryland andNAG 5-6912 at Caltech.
Fig. 16.—Comparison of spectra from event 8 with spectra calculated
using a model of cascading MHD turbulence. (a) 4He and O; (b) Ne
(multiplied by 0.1) and Fe.
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